Progress on two design approaches to patternable, low k dielectrics is described. These formulations are both print in negative tone and are based on polyhedral silsesquioxanes bearing benzocyclobutene moieties. The patternability was demonstrated and both materials have dielectric constants between 2.002.22 at optical frequencies. Coefficients of thermal expansion in the plane were found to be 6.013 ppm/K, and the materials have reduced moduli between 44.6 GPa.
Introduction
Packaging of semiconductor chips is crucial to device performance and reliability. The "package" is responsible for protecting the die, dissipating heat and providing cost effective and electrically efficient connections that supply power and route signal. Packages are an essential but often overlooked component of integrated circuits. 1) 3) The wiring that connects packages to the outside world is, like all components of semiconductor devices, shrinking constantly. Today the dielectric material used to produce these dense wiring levels in these packages are patterned with photoresist processing in direct analogy to the processes used in the back end of the line processes used to produce silicon memory and logic devices. Directly photopatternable dielectric materials exist and their use can save many costly process steps. However, next generations of packaging will require new directly patternable materials with lower dielectric constants and lower coefficients of thermal expansion (CTE, with the eventual goal of matching the expansion of the silicon chip itself at 3 ppm/K) and higher patterning resolution.
Two photopatternable dielectrics have been designed both of which are based on Polyhedral Oligomeric Silsesqioxanes (POSS). POSS can be considered smallest fundamental nanoparticles of silicon dioxide (SiO 2 ). Small SiO 2 particles are a common filler found in packaging components added largely to decrease the CTE of the materials. Common organic polymers have CTEs in the range of 100300 ppm/K while the CTE of SiO 2 is only 0.5 ppm/K 4) . POSS has several advantages over SiO 2 fillers. It is a well-defined and monodisperse particle that can be functionalized with a variety of substituents on each of its eight corners, making it a synthetically versatile building block. Furthermore, POSS is extremely small (1.21.4 nm in diameter) compared to commercial SiO 2 particles, which mitigates light scattering during the optical patterning process. 5)7) POSS materials typically having very interesting optical, thermal and mechanical properties in thin films, and often can be used to augment the properties of existing polymers due to its high surface area to volume ratio and thus its excellent dispersability in a matrix. 7) POSS has seen extensively study as a component of photosensitive nanocomposites for imprint lithography patterned with acrylic, thio-ene and epoxy chemistries. 8)10) POSS has also been incorporated into chemically amplified photoresists 11) and block copolymers to improve etch resistance. 12),13) However, the literature does not describe POSS materials that can be photolithographically patterned that have the thermal stability, CTE, and dielectric properties required for use in modern packaging applications.
One approach to the design of photopatternable POSS formulations for use in advanced packaging is based on POSS that bear both a photoreactive substituent and a thermally reactive substituent. Typical photoreactive substituents, such as acrylics are polar and not thermally stable so they are incorporated to the minimum extent possible that enables photopatterning by insolubilization. After the patterns are developed, they are vitrified by heating to a temperature that activates the thermally reactive substituent. The thermally active substituent should not increase the dielectric constant of the formulation and should function with minimum shrinkage to limit stress and image distortion.
Benzocyclobutene (BCB) is an attractive option for the thermally active substituent. The Dow product, Cyclotene is a hybrid organicinorganic dielectric material that has been reported to have a dielectric constant of 2.65, a CTE ranging from 42 to 55 ppm/K 14) and there are some reports of direct patternability of Cyclotene down to 10¯m half pitch. 15 ),16) While these specifications do not quite meet the requirements for today's modern packaging standards, Cyclotene is an excellent example of the utility of BCB based thermosets. We have created two new photopatternable, BCB and POSS based resins which may be of interest to a variety of polymer and materials based applications, however we have evaluated their properties for a potential application in microelectronics packaging.
Experimental
Synthetic procedures and characterization data can be found in the supplementary document. Statistical error is represented as 95% confidence intervals based on standard error from ordinary least squares regressions and a Student's t-distribution (an exception is reduced moduli, in which error is represented as one standard deviation of the measurements). All POSS samples were prepared (B-staged) prior to spin coating by refluxing a solution of them in mesitylene (25 wt % POSS) for 8 h at 160°under nitrogen unless otherwise noted. All formulations were filtered with 0.25¯m filters twice before spin coating and then filtered directly onto wafers. Wafers were primed with the adhesion promoter aminopropyltriethoxy silane (APTES). The APTES was applied as a 2 wt % solution in acetone allowed to stand for 30 s, then spun at 2500 rpm for 1 min while rinsing with acetone. Ellipsometry measurements were done with JA Wollam Ellipsometer at 60°using a standard Cauchy model, with wavelengths from 370 to 988 nm. All exposures where performed with a Novacure (2100 Spot Curing System by Lumen Dynamics) and an I-Line (365 nm) band pass filter where noted. Images were taken using an optical microscope and captured with SPOT software. Substrate surface treatment SEC data were collected with an Agilent 1100 Series isopump and autosampler with a Viscotek Model 302 TETRA detector platform and THF as an eluent at 23°C. Three I-series mixed bed high-MW columns were calibrated relative to PS standards.
To calculate the in-plane CTE, the change in the radius of curvature of the sample as a function of temperature was measured on a Flexus Tencor F2320 equipped with a temperature-controlled hotplate and a HeNe laser. The stress at each temperature was calculated using Stoney's equation, Eq. (1), where E s /1 ¹ v s is the biaxial elastic modulus of the substrate, ts is the thickness of the substrate, tf is the film thickness and R is the change in radius of curvature, given by Eq. (2). R 1 is the radius of curvature of the bare silicon wafer, and R 2 is the radius of curvature after processing. The stress as a function of temperature was fit by linear regression to calculate ∂·/∂T. Equation (3) was then used to calculate the in-plane CTE, ¡ xy , where ¡ s is the CTE of the substrate, and v f is the Poisson's ratio of the film, estimated to be 0.33. (4), where n is the refractive index, K 1 , K 2 , and K 3 are fitted coefficients, and is the wavelength. The temperature of the substrate was taken into account by modeling the Si wafer with the Si Temp JAW model. The as-collected values of polymer CTE, ¡ z , were corrected for expansion in the z-direction due to being constrained on the substrate by use of Eq. (5), where ¡z is the corrected through-plane CTE of the polymer. This correction accounts for the in-plane contributions to the through-plane volume change due to the constraint of the Si wafer.
17)
Indents were performed with a cube corner diamond tip (northstar, tip radius ³40 nm) and calibrated against quartz and polycarbonate standards. The corrected tip geometry was defined by Eq. (6).
Step times for each indent were held constant, while the peak force was varied. The tip was loaded over a 10 s period of time, held at the peak force for 10 s to allow for timedependent relaxations, and unloaded over a 4 s period of time. Hardness, H, was calculated at the maximum load, P max , divided by the projected contact area, A(h c ), Eq. (7). The contact area was estimated using the Oliver Pharr model in Eq. (8), where h max is the maximum indent depth, ¾ is a geometrical constant, and S is the stiffness. The stiffness was defined as the initial slope of the unloading curve, and the reduced modulus was calculated using Eq. (9), where ¢ is a geometrical constant.
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Results and discussion 3.1 Synthesis
Allyl BCB 6 was prepared in good yield by the synthetic route depicted in Scheme 1. Bromophenylacetic acid 1 was reduced with borane-THF complex to produce alcohol 2. The primary bromide 3 was installed via the Appel Reaction, and the four membered ring was closed upon lithiation and substitution to Scheme 1.
Journal of the Ceramic Society of Japan 123 [9] 800-804 2015 yield BCB 4. Bromination under mild conditions in acetic acid gave Bromo-BCB 5, which was coupled to allyl bromide via a Gringard Reaction to give allyl BCB 6.
The substituted POSS monomers were prepared by hydrosilylation as shown in Scheme 2, below.
A dually functionalized POSS 7 (DF POSS) was prepared via hydrosilylation of allyl BCB 6 and allyl methacrylate using a five to three feed ration of 6 to allyl methacrylate. The dually functionalized POSS 7 was isolated and observed to have, on average, the same five to three ratio of substituents by H 1 NMR analysis. Further investigation of the nanoparticle using MALDI TOF spectrometry revealed a distribution of substituents (M+Na ions) centered around the feed ratio.
An alternative design strategy required the synthesis of the octovinyl BCB POSS (OVBCB POSS) 10, which bears eight BCB substituents per nanoparticle as well as eight vinyl groups that provide a substrate for nitrene insertion. The synthetic path to this monomer is shown in Scheme 3, below. Diverging from 4, Reiche formylation of BCB yielded the corresponding aldehyde 8. The Corey-Fuchs homologation protocol gave the terminal alkyne 9 over two steps. Using a selective hydrosilylation procedure incorporating tri-tertbutyl phosphine as a ligand, OVBCB POSS 10 was synthesized in high yield and only the E isomer observed by H 1 NMR. OVBCB POSS 10 has the advantage of being a very large yet discrete molecule, opposed to a statistical distribution of analogs DF POSS 7.
Thin film formation and B-Stage
In their pure form, monomers 7 and 10 are too low in molecular weight to be effectively spin coated, therefore a B-stage approach was utilized to generate a prepolymer, taking advantage of conditions that promoted the slow ring opening of the BCB. Samples were prepared as 25 weight percent solutions in mesitylene and the solutions were refluxed under inert atmosphere. Aliquots were taken from the reaction mixture and analyzed by GPC to determine the molecular weight of oligomers based on polystyrene standards. B-staged POSS resins were could be spin coated onto silicon wafers. The change in molecular weight of the materials as a function of time is shown in Fig. 1 below. Resins B-staged for 9 h were used for subsequent materials evaluations (The nine hour condition provided the smallest increase in molecular weight that result in the ability to spin coat each material. This timepoint was chosen to minimize the potential effect of different molecular weight in material evaluation). It is also evident from Fig. 1 that the changes in molecular weight over time are significantly different between the two systems. While both mechanisms for polymerization involve the thermal ring opening of the BCB groups and subsequent Diels Alder crosslinks, POSS 7 has the additional possibility of the methacrylate groups auto-polymerizing, which could lead to increased molecular weight. Further, the acrylates on POSS 7 are very good dieneophiles and could lead to faster crosslinking with BCB via Diels Alder. It should be noted that POSS resins B-Staged for longer times often produced poor quality films and occasionally gelled.
Refractive index evaluation and optical evaluation of dielectric constant
Dielectric constant (k) is related to refractive index (n) squared as shown in Eq. (12) . Refractive index is easy to measure by spectroscopic ellipsometry and other methods, so it is often used to estimate k in the optical frequency range.
Extrapolating the n 2 values at 988 nm (the region where absorbance is the smallest) gives k's of 2.00 and 2.22 for POSS resins 7 and 10 respectively as shown in Fig. 2. 
Coefficient of thermal expansion
One of the most important requirements for dielectric materials to be used in microelectronics packaging applications is their coefficient of thermal expansion (CTE). This value is most commonly measured on free standing films using a tensile method. However, this method only reports the expansion in the plane of the film. Many materials, particulary when used in thin film form are anisotropic. So, to gain a more complete understanding of the nature of the thermal expansion both the CTE in the plane of the film (¡ xy ), and out of the plane (¡ z ) were measured using wafer bow flexus and heated stage ellipsometry, respectively.
A requisite for the wafer bow flexus equations is knowledge of the elastic modulus (E f ) of each material, which was obtained here through nanoindentation and subsequent calculation from the reduced modulus via Eq. (11) . Samples were prepared from B-staged resins, spun onto silicon wafers and cured at 250°C for one hour under nitrogen. The reduced modulus values for cages 7 and 10 were 3.91 « 0.44 GPa and 4.59 « 0.15 GPa, respectively based on the wafer bow flexus technique. The dually functionalized methacrylate and BCB cage 7 have an in plane CTE value of 6.0 « 1.3 ppm/K. The through plane CTE for the Journal of the Ceramic Society of Japan 123 [9] 800-804 2015 all BCB cage 10 was 12.7 « 0.9 ppm/K. However, these values do not fully describe the thermal expansion behavior of these materials. To measure the CTE out of the plane, heated stage ellipsometry was used, which showed that the methacrylate cage 7 has an out of plane CTE of 216 « 9 ppm/K, significantly higher than the measured out of plane CTE for BCB POSS 10 at 105 « 4 ppm/K.
Demonstration of patternability
All exposures where performed with a Novacure (2100 Spot curing system by Lumen Dynamics) and an I-Line (365 nm) filter where noted. Micrographs were taken using a light microscope and captured with SPOT software. B-staged, dually functionalized methacrylate-BCB POSS was formulated with Igracure 819 photoinitator (1 wt % relative to POSS) and sonicated for 10 min. The formulation was spin coated at 1500 rpm for 30 s to yield a 432 nm thick film, which was exposed under a 10¯m Ronchi Ruling at a dose of 476 mJ/cm2, and developed with toluene for 20 s to yield the following sample image (Fig. 3) .
B-staged Octovinyl-Benzocyclobutene-POSS was formulated with 2,6-Bis(4-azidobenzylidene)-4-methylcyclohexanone (BACM) (5 wt % relative to POSS) and sonicated for 10 min. The formulation was spun at 1500 rpm for 30 s to yield a 388 nm thick film, which was exposed under a 10¯m Ronchi Ruling at a dose of 1.4 J/cm 2 , and developed with toluene for 20 s to yield the image shown in Fig. 3. 
Conclusions
Two photopatternable, negative tone, POSS based, dielectric materials have been synthesized. Films were prepared by Bstaging funtionalized POSS monomers. The materials demonstrate good thermomechanical properties and a promising dielectric constant at the optical frequencies, as outlined in Table 1 . The materials are photopatternable albeit by two distinctly different chemical mechanisms: one through radical methacrylate cross linking, the other through bis-azide nitrene insertion. Both materials demonstrate the promise of the design for a photopatternable, permanent dielectric material for advanced microelectronic packaging applications. 
